The polyamines are low molecular mass aliphatic amines that can be synthesized by both prokaryotic and eukaryotic cells. The most common are putrescine, spermidhe and spermine (Fig. I ). The intracellular concentrations of these polyamines vary greatly with the proliferative status of the cell, and also in response to a wide variety of stimuli [ 1-31, Induction of polyamine biosynthesis, a delicately regulated process, is a very early event in cell proliferation. IntracelMar polyamine levels usually increase before changes in DNA, RNA or protein can be detected, and depletion of intracellular polyamines, by inhibition of their biosynthesis or by precursor starvation, results in a cessation of growth, which can be restored by addition of exogenous polyamines to the treated cells. The regulatory effects of polyamines on gene expression, in particular on growth-related genes [4], is well documented, as is their role in cellular differentiation [5, 61. Similarly, there is a growing body of literature showing that polyamines increase not only the rates but also the fidelity of transcription and translation [7-91. Newer areas of interest that will be discussed here are the polyamine-dependent protein kinases; polyamine transport; the ability of polyamines to modulate intracellular free calcium, and the altered polyamine oxidase activity and/or levels of acetylated polyamines in tumour cells.
cellular environment, a situation which is quite different from that which pertains with calcium or magnesium ions.
The polyamines are low molecular mass aliphatic amines that can be synthesized by both prokaryotic and eukaryotic cells. The most common are putrescine, spermidhe and spermine (Fig. I ). The intracellular concentrations of these polyamines vary greatly with the proliferative status of the cell, and also in response to a wide variety of stimuli [ 1-31, Induction of polyamine biosynthesis, a delicately regulated process, is a very early event in cell proliferation. IntracelMar polyamine levels usually increase before changes in DNA, RNA or protein can be detected, and depletion of intracellular polyamines, by inhibition of their biosynthesis or by precursor starvation, results in a cessation of growth, which can be restored by addition of exogenous polyamines to the treated cells. The regulatory effects of polyamines on gene expression, in particular on growth-related genes [4] , is well documented, as is their role in cellular differentiation [5, 61 . Similarly, there is a growing body of literature showing that polyamines increase not only the rates but also the fidelity of transcription and translation [7-91. Newer areas of interest that will be discussed here are the polyamine-dependent protein kinases; polyamine transport; the ability of polyamines to modulate intracellular free calcium, and the altered polyamine oxidase activity and/or levels of acetylated polyamines in tumour cells.
Iblyumine-dependent protein kinases
Cellular responses to extracellular agonists are in general mediated by specific receptors and often result in alterations in the intracellular concentrations of either cyclic AMP (CAMP), calcium, inositol polyphosphates, or diacylglycerol. These intracellular messengers exert their effects by mechanisms which often involve covalent phosphorylation of appropriate rate-limiting enzymes, ion-channels, or other proteins [ 101. Three multifunctional protein kinases, CAMPdependent protein kinase (CAMP-kinase), calcium-phospholipid-dependent protein kinase (protein kinase C) and calcium/calmodulin-dependent protein kinase 11 (CaMkinase 11) are thought to mediate many of these phosphorylation reactions [ I I]. The activities of these enzymes, sometimes designated the 'messenger-dependent' protein kinases, can, in certain circumstances, be affected by polyamines but the effect is usually inhibitory. In contrast, reactions catalysed by those protein phosphokinases which are not activated by cyclic nucleotides or Ca'+, the 'messengerindependent' protein kinases, are often stimulated by polyamines [ 121.
Abbreviations used: [Ca'+ I,, cytosolic free calcium; SAT, spermidine/spermine N'-acetyltransferase.
The casein kinases I and I1 (also known as casein kinases A and G [ 131) are stimulated 5-1 0-fold by millimolar concentrations of polyamines, with spermine being the most effective. There was no stimulation in the absence of magnesium but, at concentrations above 5 mM, magnesium inhibited the polyamine effect. Hence, polyamines did not substitute for, but were complementary to, the divalent cation. Casein kinase G can be inhibited by an endogenous factor that does not affect casein kinase A. This inhibition can be reversed by low ( < 100 ,UM) concentrations of polyamines, followed by stimulation of the enzyme at > 1 mM polyamine [ 131. Submillimolar concentrations of polyamines have been shown to stimulate placental phosphokinases that were not affected by CAMP and Ca2+ [ 141. Also of interest in this context are the recent reports of the effects of polyamines on inositol phospholipid metabolism I1 5-171.
Thus polyamines appear able to modulate protein phosphorylation, both positively and negatively, suggesting the existence of a polyamine-dependent regulatory mechanism able to govern the activities of the various protein kinases. Such a system, responding to changes in intracellular polyamine levels, would be able to produce rapid polyaminedependent alterations in the patterns of intracellular protein phosphorylation and hence influence subsequent biological events.
I'olyumine transport
Although intracellular polyamines are largely the product of a tightly regulated biosynthetic pathway, an increasing number of cell types (both prokaryotic [ 18, 191, and eukaryotic (20-221) ( Table 1 ) have been shown to possess a polyamine uptake system which, under suitable conditions, can substitute for de novo synthesis. Uptake of extracellular polyamines can be enhanced by growth factors and hormones, as well as by inhibition of intracellular biosynthesis. The mechanisms by which polyamine uptake is induced are not known although it is clear that uptake of polyamines is generally low in quiescent cells, or in cells that have been induced to differentiate, in contrast to cells in rapid growth where uptake is enhanced.
Polyamines are taken up by a process that is energyrequiring, temperature-sensitive, is capable of concentrating . T h e presence of unsaturable components in the polyamine transport system of a number of cell types has been reported, but in many instances the evidence is based on the results of computer-fitting of the data to appropriate equations. Polyamine uptake is stimulated by thiols and inhibited by thiol-binding reagents 122. 241. In some cells, but not all. it appears to be sodium-dependent, but in all cases it is independent of the amino acid transport systems. In addition to spermine, spermidine and putrcscine, a number of polyamine homologucs and analogues can also be taken up by this system I 25-32] and attempts have been made to exploit this lack of spccificity in the design o f polyamine-like drugs for use in cancer chemotherapy.
T h e utility of a polyamine transport system is dependent on extracellular polyamine levels and in plasma these are very low ( Table 2 , for earlier references see [33, 3411, in contrast to intracellular concentrations which are commonly stated t o be in the millimolar range (eg. 1351). although there a.ppears to be a lack of reliable data to support this assumption. lntracellular polyamine levels, which can now be measured with some accuracy, are usually reported as nmol/ 10'' cells or nmol/mg of protein (Table 3 , for earlier references see 133. 341). However, in the absence of concomitant data o n cell volume. cell water o r protein content, it is difficult t o make reliable calculations o f intraccllular concentrations. In the case of erythrocytes. however, the data are availablc in hacmatology texts. Wintrobc I 361 quotes 9 4 fl/ cell for cell volume, and cell water content as 72%. T h e intracellular water space of fibroblasts is 1.7 pl/lOO cells 
1371, and the volume of Ehrlich ascites cells is 2700 p m '
[MI, with a water content of 86%) [39] . Hence, utilizing the data in Table 3 . one can calculate the intracellular concentrations for erythrocytes as: putrescinc 0.6 PM (males), and 0.9 p~ (females); spermidine 18 and 2 4 p~; spermine 19 and IS p~ ( 1 1 a and 1 1 h, Hence it is difficult to assess the importance in vivo o f polyamine uptake in normal circumstances. Malignancy, however, frequently results in elevation of plasma polyamine levels and, since uptake is markedly enhanced when intracellular polyamine levels are depleted, this could be a complicating factor in the use of inhibitors of polyamine biosynthesis in cancer chemotherapy. In particular, the accumulation by vascular endothelial cells of polyamines 124 I and, more importantly, polyamine analogues, could have pharmacological significance. The ability to successfully manipulate the polyamine transport system would provide a powerful therapeutic tool, not only for the treatment of malignancies but also some of the parasitic diseases that are endemic in many areas and for which there is a lack of effective and non-toxic treatments. In what appears to be the first direct study of the effects of polyamines on calcium influx in intact whole cells 
I'olyatniiie oxidation arid cell regiilutiori
Do the products of polyamine oxidation contribute to the down-regulation of cell replication?
The first, and rate-limiting, step in intracellular polyaminc degradation in mammalian cells is acetylation of the primary amino groups of the aminopropyl moieties of spermine o r spermidine by spermidine/sperminc N'-acctyltransferase (SAT; 12. 561) which with acetyl CoA forms N1-acetylspermine or N'-acetylspermidine. These acetyl derivatives are metabolized more rapidly (apparent K,,, 0.6 and 14 p~ respectively) by polyamine oxidase than are the parent polyamines (K,,, 20 and 5 0 ,UM for sperminc and spermidine; for reviews see I 3. 57]), yielding N-acetylpropionaldehyde (acetamidopropanal) and spermidine o r putrescine depending on the substrate (Fig. 2) . SAT activity is readily inducible by polyamines 1581, polyamine analogues [SO-h 1 ] and a number o f other stimuli (for a review see lS6l). However, in normal tissues SAT activity is very much less than that o f polyamine oxidasc, hence lcvels o f acetylated polyamines in these tissues verge o n the undetectable. Perturbation o f this system by induction of SAT results in increased tissue levels of NI-acetylspermine and NI-acetylspcrmidinc. the m y itude of which are dependent o n polyamine oxidasc activity. Only very small amounts o f the acetylated dcrivatives are found in rat tissues even at the peak of induction. whereas in the mouse largcr amounts of NI-acetylspermine and NIacetylspermidine can be found following SAT induction because mouse tissues have 20-fold lower levels o f polyamine oxidase [62] . Under normal circumstances acetylpolyainine levels are below detection limits in both species.
It is now well-established that urinary excretion of acetylated polyamines, in particular NI-acetylspermidine, is increased in cancer paticnts 133, 34). The source of this increase is the malignant tissue, in which high concentrations of N1-acetylspermidine arc found, whether the tumour is 'natural' or chemically-induced I 63-691. It is also of interest that monocrotaline-induced lung injury results in a 25-fold increase in tissue NI-acetylspermidine content 1701. The presence of elevated intracellular levels of acetylated polyamines in tumours implies a reduction in polyamine oxidase activity within these cells and this has been confirmed by direct measurement [7 1-74] . This raises the interesting possibility that the products of polyamine oxidation, specifically acetamidopropanal, may be down-regulatory for cell replication. This speculation is reinforced by the findings that intracellular polyamine oxidase activity varies with transit through the cell cycle [40, [75] [76] [77] and the selective inhibitory effects of the diacetyl derivatives of putrescine and diaminohexane on lymphocyte activation [ 781.
From the foregoing account it seems clear that despite our lack of knowledge of the precise molecular mechanisms by which the polyamines exert their effects they are indeed 'cellular regulators'.
I . Russell, I). H. ( 1985) I h i g hleirth. H e i . . 15, 1-88 ( 1986) HiOc'ht'n7. J. 234. 249-262 . . The polyamines putrescine, spermidine and spermine are intracellular regulators o f cell growth and differentiation [ I , 21. As a result of polyamine depletion, cells cease to grow and proliferate, but, with the exception of certain cell types, they do not die. Thus, polyamine replenishment usually causes resumption of a normal growth rate. Inhibitors of the rate-limiting enzymes in polyamine synthesis, ornithine decarboxylase (ODC) and S-adenosylmethionine decarboxylase ( AdoMetDC), in addition to being antiproliferative in action, induce terminal differentiation of certain tumours of embryonal origin [3] and exert a strong antiparasitic effect (Table 1 ) [7-121. The twelfth exon o f the murine ODC gene terminates at either of two sets of the strongly conserved consensus sequence (AATAAA) [ 10, 131, which serves as a polyadenylation signal. This finding explains the two mRNA species observed in murine cells. The upstream region of the mammalian ODC gene is extremely GC-rich and contains a TATA box, a CAMP-responsive element, a CAAT box, a G C box and an AP-2 binding site 17-12]. The first intron, which is more than 2 kb long, contains two putative SPI binding sites, two G C boxes and an AP-1 binding site in the opposite strand 191. The human ODC gene is considerably longer than the murine counterpart, partly because of Ahr repeats in some of its introns 191. Notably, the mouse ODC promoter region is about as strong as that of the Rous sarcoma virus long terminal repeat, and somewhat stronger than the SV40 promoter 171. The haploid human genome seems to contain only a single ODC gene. This is consistent with the presence of thc one ODC mRNA species in human cells.
In mammalian ODC mRNAs (Tablc 2 ) [ 8, 10, 13-17 I the open reading frame (ORF) that encodes the ODC protein is
